Abstract--Real time monitoring of the shipboard power system is a complex task to address. Unlike the terrestrial power system, the shipboard power system is a comparatively smaller system but with more complexity in terms of its system operation. This requires the power system to be continuously monitored to detect any type of fluctuations or disturbances. Planning metering systems in the power system of a ship is a challenging task not only due to the dimensionality of the problem, but also due to the need for reducing redundancy while improving network observability and efficient data collection for reliable state estimation process. This research is geared towards the use of a genetic algorithm for intelligent placement of meters in a shipboard system for real time power system monitoring taking into account different system topologies and critical parameters to be measured from the system. The algorithm predicts the type and location of meters for identification and collection of measurements from the system. The algorithm has been tested with several system topologies.
I. INTRODUCTION
HE electric power system on the all electric ship provides power to the total ship, including the propulsion motors, power conversion and distribution networks, service and hospitability loads as well as to the sophisticated systems for weapons, communication, navigation and other operations of warships. As a result, modern naval warships have developed a strong need for devices capable of monitoring numerous electrical power systems and loads. The ideal tool for this task would be a system that can automate the analysis of meter data while minimizing the number of required meters. A shipboard power system (SPS) is a dynamic, complex system that requires continuous monitoring and fast controls to operate in a reliable and secure state. Continuous monitoring of the SPS before, during or after battle can help predict the condition of the electric system to continue the operation. It may also benefit in improving the performance in tasks related to protection and reconfiguration, and improve survivability.
Meter placement related to terrestrial power systems in general has been covered in references [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . However, many of the references have used different approaches to solve the meter placement and the system observability problem. In reference [1] , the proposed method incorporates cost, accuracy, reliability and bad data processing capability. A rule based meter placement scheme has been proposed in reference [2] , to identify the data requirements for real-time power monitoring and control of distribution. Reference [3] presents a simple root based algorithm with efficient data structure to determine the topological observability from the available measurement data set. In [4] [5] [6] [7] [8] , a measurement system is designed considering the occurrence of topological changes and measurement losses. The methods in [9] [10] [11] consider intelligent systems techniques such as Tabu search based and simulated annealing techniques to obtain optimal metering systems. However, only the observability requirement is taken into account in [4] [5] [6] [7] [8] [9] [10] [11] . In [12] [13] [14] , a genetic algorithm is employed to design metering systems. In [12] and [13] , meter placement scheme is developed without considering critical measurements.
In reference [14] , however critical measurements and critical sets are determined and the genetic algorithm is mainly used to achieve a trade-off between investment cost and reliability of state estimation.
In terrestrial systems the cost of the meters and remote terminal units (RTUs) becomes the major concern. This is due to the fact that several meters and RTUs need to be placed to cover the large terrestrial power system. In the electric power system of the ship, considering its small size the financial aspect is not taken into account. However as research activities focus on different configurations for the electric ship, developing an algorithm to evaluate the various metering options for each configuration is another component in designing the best ship for survivability and fight through capabilities. Important aspects like weight and space issues are considered. Thus, there is a need to minimize the number of measurements to avoid unnecessary equipment that occupies space and adds weight to the ship. But the uncertainty of damage leads to the need for reconfigurable metering systems to help provide the best picture. Hence, constraints applied to design metering system for the ship power system are more and different than those applied for terrestrial system. Also traditionally, most terrestrial power systems have enough redundancy; so performing an 'N-1' contingency analysis is T not really necessary. Due to the tighter operational constraints for the electric ship, high quality and accurate knowledge of the states of the electric power system are key for survivability and fight through capabilities. The meters in the ship power system provide the eyes for monitoring the power system to obtain the best possible snapshot of the real-time status of the shipboard power system.
II. POWER SYSTEM MONITORING
Power system substations today are operated and controlled from remote control centers. The operators in these control centers are required to maintain stable operation [15] . This involves continuous monitoring of system conditions, identification of operating states and determining and preventing unnecessary and abnormal conditions. The substations are equipped with remote terminal units (RTU) and intelligent electronic devices (IED) that collect all the required measurements (power low on the lines, voltage magnitudes, line current magnitudes, loads, generator output status of circuit breakers etc.) from measurement devices connected to the power system and transmit it to the control center [15] . The state estimator at the control center should be able to filter statistically small metering errors and correctly identify and remove bad data. Also, as part of the state estimation process, system topology, and observability are determined. During real-time power system monitoring, state estimation plays an important role in providing a complete and reliable database that can be used by security assessment programs in an Energy Management System. Data redundancy is crucial for the success of state estimation. Adequate redundancy levels enable state estimation to efficiently process bad data and also to achieve good and reliable estimates, even in case of temporary data loss. Data redundancy may be evaluated considering the number, type, and topological distribution of metering devices.
III. SHIPBOARD POWER SYSTEM MONITORING
Placement of an adequate number of meters throughout the system is a prerequisite for power system monitoring. For this purpose meters have to be placed throughout the power system and at the right places to read and transmit the values that will help estimate other parameters to determine if the system is completely observable or not. A system is said to be observable if by knowing the external outputs (meter measurements) the internal state of the system can be predicted. Taking into account the need to reduce redundancy and redundant equipment, an optimal number of meters needs to be placed considering all the constraints.
As can be seen from Fig. 1 , if a meter were placed on every bus and branch it would not only be too many redundant equipment, but extra data to be processed. The presence of a power meter at all the branches and at buses 1 and 2 can help estimate the power at bus 3. Hence, the meter at bus 3 shown in white is unnecessary. Including power meter at bus 3 will increase the time required to process and store the data from all the meters and require more memory. This is an Another aspect to be considered for meter placement on the electric ship is that the number of meters required and the meter location needs to be determined such that even if part of the system is lost, information about most of the system should still be available. This would mean that redundancy would be allowed to a certain extent such that the meters are placed in a way that vital loads remain observable even if one or more meters are lost in close proximity to it.
Planning metering systems in the power system of a ship is a challenging task not only due to the dimensionality of the problem, but also due to the need for reducing redundancy while improving network observability and efficient data collection for reliable state estimation process. For a system to be completely observable a certain minimum number of meters need to be placed for continues monitoring. Efficient placement of the meters also improves the reliability of the state estimation process. For a ship system we need to take into account an important aspect, which is the vulnerability of the ship power system to damage and loss of power to vital loads during battle. Therefore while keeping in mind the need to reduce redundancy, it is necessary that enough meters be placed such that the system remains observable even if a part of it is lost or damaged.
A. Network Observability
In order to perform state estimation, a minimum number of measurements is required to predict the rest of the system values. The network observability algorithm determines whether the currently available set of measurements from the power system network provides sufficient information to allow the computation of the state estimation. If all the required measurements throughout the power network can be estimated by processing a given set of measurements sent by the measuring devices in the system, then the network is said to be observable, otherwise it is said to be unobservable.
Consider the following 6-bus system with 8 branches shown in Fig.2 . This is one of the test systems considered to evaluate the working of the algorithm. Power injection meters are placed at all the buses and power flow meters are placed at all the branches. There are a total of 14 meters, 6 power injection meters and 8 power flow meters placed in the test system. This system will be observable as meters are placed at all possible location. In order to find the minimum number of meters and their location to maintain observability, first the bus incidence matrix and Jacobian matrix are built and the states of the system are evaluated. The following equations indicate the conditions for the system observability [15] :
For a system to be observable, if H×θ t = 0, (1) then I×θ t = 0 (2) where H is the Jacobian Matrix θ t is the estimated state I is the bus incidence matrix
then the system is said to be unobservable.
Critical measurements can be evaluated only if the system is observable.
B. Critical Measurements
Measurements are said to be critical if the absence of these measurements causes the system to lose observability. Fig. 2 shows power injection meters on each bus and power flow meters on each branch. From all these meters few meters are selected such that the system remains observable with the presence of only these meters. The measurements from these meters are called as critical measurements [15] .
Work related to critical measurements is detailed in [15] . Peter-Wilkinson decomposition is applied to the Jacobian matrix (H) to determine the matrix L. The matrix L is then split into two matrices L 1 and L 2 , respectively, such that: L 1 is a n × n lower triangular matrix, L 2 is a (m-n) × n rectangular matrix. where m represents the number of rows of the matrix, n represents the number of columns of the matrix.
Matrix C is then evaluated to identify the critical measurements.
The column, which is null in matrix C, indicates that the measurement corresponding to the row H to be critical.
C. Contingency Analysis
Contingency analysis is important in power system monitoring as loss of meters in the system can have adverse effect on devices and processes dependent on data from these meters. During first order contingency analysis the algorithm initially removes one meter from one possible arrangement of meters. It checks to see if the new arrangement is observable. If the new arrangement of meters indicates an unobservable state the algorithm predicts the branches and the buses that are unobservable. The meter is then replaced and another meter from the same arrangement of meters is removed and the observability check is performed on the new arrangement of meters. This is continued until all the meters in the arrangement are removed at least once and the observability check is performed to predict the unobservable branches and buses in each case. It is then repeated for all possible arrangements of meters. This analysis helps to estimate which combination of meter location and type gives the least number of unobservable buses and branches. The process can be repeated for second order contingency analysis where two meters are removed each time from one possible arrangement of meters.
Contingency analysis is similar to the mutation process in genetic algorithm where the gene of each chromosome is slightly altered to form a new offspring, which forms the next generation. The next generation is evaluated by the fitness function. Each possible arrangement of meters in this case is called a chromosome and each meter is assumed to be a gene.
IV. GENETIC ALGORITHM
Reference [16] provides details about genetic algorithms and their uses in engineering design. A short summary of the key points is provided here. Genetic Algorithms (GA) are a method for solving problems by mimicking the process used by nature to create various organisms. It is inspired by and uses the same combination of selection, recombination and mutation to evolve a solution to a problem. Genetic algorithms are a powerful stochastic search and optimization technique that uses the principles of evolution theory. It helps in computing true or approximate solutions to optimization and search problems. It is based on the principle of the Survival of the fittest, where the better individuals have a higher opportunity to be selected to participate in the population of the next generation [14] . The advantage of using genetic Fig. 3 . General representation of GA [16] .
algorithms are that it is less susceptible to getting stuck at local optima.
GA differs from conventional search technique and starts with an initial set of random solutions called as population. Fig. 3 from reference [16] provides an outline of the genetic algorithm process and terminology. Each individual in the population is called a chromosome, which represents a solution to the given problem. The chromosomes change though successive iterations, called generations. During each generation the chromosomes are evaluated through some measure of fitness using the fitness function. The next generation is created with new chromosomes called as offspring, which are formed, by either integrating two chromosomes from the current generation using the crossover operator or by modifying a chromosome using a mutation operator. The new generation is formed by selecting from the offspring and some of the parents with the help of the fitness function. The rest are rejected in order to maintain a constant population size. The solution of the optimization problem using the genetic algorithm technique requires the generation of successive population of individual where each of the newly generated population is better than the previous generation. At the end of several iterations the algorithm converges to the best solution of the chromosome.
V. PROPOSED FITNESS FUNCTION
A fitness function related to meter placement for the electric ship is formulated considering the following problem constraints:
• System observability • Meter type (Power flow meter & power injection meter) • Vulnerability i.e. when a part of the power system in the ship to be damaged the rest of the power system needs to be observable • First order contingency analysis.
Considering the above constraints the fitness function is proposed:
where tot_num_met is the total number of power flow and power injection meters.
Cri_meas is the critical measurement. cont_anal_1 is the first order contingency analysis P1, P2 and P3 are the penalty factors assigned to each function depending on their priority.
The value of penalty factor is strictly maintained for scenarios where the monitoring of operating conditions is crucial for decision-making and control.
VI. FLOWCHART FOR THE PROPOSED ALGORITHM 4 shows the flowchart of the proposed algorithm. The algorithm takes the branch and bus number on which the meter is placed as the input. It also takes the type of the meter, i.e. power injection or power flow meter as the input. It then develops the various matrices such as the bus incidence matrix and the Jacobian matrix. It evaluates the states of the system and checks for system observability. If the network is found to be unobservable the algorithm stops and no further analysis is performed. If the network is found to be observable it calculates the critical measurements and then performs the first order contingency analysis to assess the loss of observability of the system when each meter is lost. A fitness function is created based on the meters and the various constraints on them in such a way that the best solution would minimize the fitness function output. The genetic algorithm evaluates the fitness function on a small population size over multiple generations. When the tolerance limit is reached after evaluating the fitness function to find the best solution, the algorithm displays the output and quits. The minimum number of meters within the given constraints and their location in the system is thus found.
VII. PRELIMINARY RESULTS
The proposed method has been implemented in Matlab with the help of the genetic algorithm toolbox. The algorithm has been executed for the test system shown in Fig. 2 . The following penalty factor is chosen for each of the function in the fitness function. P1 = 1.0, P2 = 0.5, P3 = 0.5 One of the better solutions is shown based on the above mentioned fitness function.
Best solution: 01001100111000 Minimum number of meters: 6
Meter location and type of meters for the test system in Fig. 2 is given as 01001100111000. The first six binary digits (010011) represent the status of the six power injection meters placed at each of the buses and the subsequent eight digits (00111000) represent the status of the power flow meter at all the branches. '1' indicates that the meter needs to be present for system to be observable. Fig. 5 shows a representation of placement of meters in the test system. The algorithm shows that only six meters are required to maintain system observability after first order contingency analysis is performed and the fitness function is evaluated. The redundant meters are indicated in white. The graph in Fig. 6 shows that the best solution, which is 6 meters, has been occurring in more than 50 generations. Each generation contains 10 different possible arrangements of meters. Mean value is the average of the fitness value calculated for every generation. The histogram indicates the fitness value of each individual or each possible arrangement of meters in one generation.
VIII. SUMMARY AND FUTURE WORK
The algorithm helps to verify if the system is observable or not with a given set of measurements and their location. It also provides a method to find the minimum number of meters required and their location in a particular system topology. This analysis can be performed off-line for planning meter placement in a particular system topology for the electric ship. It can also be used to check if an adequate number of measurement devices is operational within the power system. This will ensure that the state estimator, energy management system, algorithms for protection and reconfiguration that require measurement data from the system obtain all the necessary information. When the system topology changes due to reconfiguration, the algorithm can also analyze online to check if the system is observable and has the required meters placed at the correct locations to transmit the data. The algorithm will be further tested with different topologies to study and compare its performance. The fitness function will be improved to analyze higher order contingency analysis.
